Introduction
Mechanistically, bone repair can be divided into proinflammatory and regenerative stages (1, 2) . Previous studies have demonstrated that the injury-induced immune response at the proinflammatory stage is necessary for the repair to progress (2) . Recently, it has been realized that 1 specific immune cell population (i.e., macrophage) is present at all stages of fracture repair (3, 4) . The importance of macrophages is well recognized because depletion of macrophages impairs bone repair (5, 6) .
At least 2 subsets of macrophages have been reported. One macrophage subset is M1 macrophages, which are proinflammatory and secrete proinflammatory cytokines (e.g., TNF-α, IL-1α, IL-1β, IL-12, iNOS). The other macrophage subset is M2 macrophages, which are antiinflammatory and secrete antiinflammatory cytokines (e.g., arginase 1 [ARG1], IL-10; ref. 7) . Recent data have demonstrated that M1 macrophages are the dominant population of immune cells during the first 3 days of bone injury. These M1 macrophages are then gradually replaced by M2 macrophages. By day 7, the M2 macrophages become the dominant population of immune cells (8) . To determine a potential temporal role of macrophages in bone repair, a recent study showed that a single injection of a macrophage depleting agent (i.e., clodronate-containing liposomes) before bone injury decreased the density and strength of newly formed bones by half. However, injection of the clodronate at days 1 and 3 after a bone injury yielded a statistically insignificant effect (9) . Since it might take 2-3 days for the clodronate-containing liposomes to deplete macrophages at fracture sites, we reasoned that the delayed injections might not efficiently deplete M1 macrophages. Hence, the data appear to suggest that M1 but not M2 macrophages are critical for bone repair. The role of M1 macrophages in bone regeneration is also supported by the findings that M1 macrophages are known to synthesize Oncostatin M (OSM), TNF-α, and IL-6, which are osteogenic proteins necessary for normal bone repair (10) (11) (12) . Additional evidence for the potential importance of M1 macrophages in bone repair is that M1, when compared with M2 macrophages, have been shown to more strongly enhance in vitro osteoblast differentiation in mesenchymal stem cells (MSCs) (13) However, there are also reports suggesting otherwise. One report showed that switching from M1 to M2 at day 3 was necessary to further enhance the ability of macrophages to promote in vitro osteogenic differentiation (14) . Additionally, an in vivo study demonstrated that an augmented differentiation of M2 macrophages at bone injury sites through a local single administration of collagen scaffold containing two M2 macrophage-differentiating cytokines (i.e., IL-4 and IL-13) promoted bone formation during the 3 weeks of investigation period (8) . Although not dismissing the role of M1 macrophages, these data suggest a more important role for M2 macrophages during fracture repair (8) .
To summarize, the exact role of M1 macrophages during bone repair is yet to be determined. In this regard, 1,25-Dihydroxyvitamin D (1, 25 [OH] 2 D; i.e., the active vitamin D metabolite) has been shown to not only promote M2 macrophage differentiation, but also suppress M1 macrophage differentiation (15) (16) (17) . Hence, knowledge on the effects of 1,25(OH) 2 D treatment on the osteogenic function of M1 macrophages at fracture sites and on bone repair can shed light on the role of the 2 distinct macrophage subsets in bone repair. Additionally, knowing the effects of 1,25(OH) 2 D treatment on bone repair is particularly important because there is an increasing interest in the supplementation of vitamin D for the prevention and treatment of various human diseases (e.g., multiple sclerosis, inflammatory bowel disease, and diabetes) due to an association of vitamin D deficiency with these diseases (18) (19) (20) (21) . More importantly, these diseases are frequently attended by an increasing risk of bone injuries (22) (23) (24) .
In this study, we investigated the effects of 1,25(OH) 2 D treatment on fracture healing, as well as on the interaction of macrophages with MSCs. Our goals were to perceive the role of M1 macrophages and 1,25(OH) 2 D in bone repair in vitamin D-sufficient animals.
Results

1,25(OH) 2 D impaired fracture repair when s.c. administered locally at fracture sites during but not after the proinflammatory stage.
To begin this study, we first investigated the effects of 1,25(OH) 2 D treatment, beginning either at the proinflammatory stage or the regenerative stage, on fracture repair in vitamin D-sufficient animals. Accordingly, C57BL/6 (B6) mice were subjected to fracture surgery and received a daily s.c. dose of either vehicle control (VC) or 100 ng/kg 1,25(OH) 2 D locally at fracture sites ( Figure 1A ). Radiographic analysis at days 0, 7, 14, 21, and 28 after the fracture surgery suggested that this early 1,25(OH) 2 D treatment caused a delay in fracture repair ( Figure 1B) . Quantification of various parameters of fracture healing based on the radiographic images showed that this early 1,25(OH) 2 D treatment reduced callus size by approximately 40% at day 14 (Figure1C, P < 0.01, n = 5). Additionally, bone union and cortex remodeling at day 28 showed approximately 65% and 50% reduction, respectively, as a result of the 1,25(OH) 2 D treatment (25) . Furthermore, H&E staining of the fractured bones showed that 1,25(OH) 2 D-treated fractures, when compared with VC-treated fractures, displayed bigger fracture gaps and fewer new bones at fracture sites ( Figure 1D ). To definitively determine whether the 1,25(OH) 2 D treatment impaired fracture repair, we performed μCT analysis (Figures 1, E and F) . Our data show that the bones spanning fracture sites of the animals receiving 1,25(OH) 2 D, when compared with VC, displayed approximately 25% reduction in the ratio of bone volume/total volume (BV/TV) and 5% reduction in trabecular thickness (Tb.Th) ( Figure 1F , P < 0.05, n = 5). In contrast, the 1,25(OH) 2 D treatment that started at day 10 after fracture did not significantly change fracture repair, although it did not significantly accelerate fracture repair, either (Supplemental Figure 1; (8, 17) . These findings from our laboratory and others led us to reason that the early 1,25(OH) 2 D treatment could potentially help address the unsettled importance of M1 and M2 macrophages in bone repair. Because previous data on the role of 1,25(OH) 2 D in M1 and M2 macrophage differentiations were reported in different experimental systems (26) , we proceeded to determine whether, under the same condition, 1,25(OH) 2 D also decreased M1 differentiation but increased M2 differentiation in macrophages. Accordingly, we treated a macrophage cell line (i.e., RAW 264.7 cells; ref. 27 ) with LPS and IFN-γ to induce M1 differentiation (28) Figure 2D ). Our data show that 1,25(OH) 2 D significantly decreased the MFI of iNOS (an M1 macrophage marker) in the macrophages under the M1 differentiation condition but significantly increased the MFI of ARG1 (an M2 macrophage marker) in the macrophages under M2 differentiation conditions (Figure 2 , B and C). qPCR analyses showed similar results ( Figure 2D ). In conclusion, our data clearly demonstrate that 1,25(OH) 2 D suppresses M1 differentiation but enhances the M2 differentiation in macrophages in vitro.
However, whether the early 1,25(OH) 2 D treatment, similar to our in vitro observations, suppresses M1 differentiation but augments M2 differentiation during bone repair was not previously studied. To address this question, B6 mice with femoral fracture surgery received a daily s.c. dose of either VC or 100 ng/kg/mouse 1,25(OH) 2 D at fracture sites immediately after the fracture surgery (Supplemental Figure  2A) . At days 1, 4, and 7, intact bones and bones spanning fracture sites (fractured bones) were analyzed by qPCR for the mRNA expressions of the markers for macrophages (i.e., F4/80 and CD11b) and for M1 macrophages (i.e., IL-1α and IL-1β). Data show that the bone injury significantly increased the mRNA expression levels of the marker genes for macrophages and M1 macrophages at days 1 and 4 at the fracture sites (Supplemental Figure 2 , B and C). These increases of gene expressions in macrophages varied at day 7. The data suggest that M1-dominated immune response during a normal fracture healing process lasted for at least 4 days, a finding that was consistent with a recent analysis of macrophages at fracture sites showing that M1 macrophages dominated at days 1 and 3, and M2 macrophages dominated by day 7 (8) . Importantly, our data show that the M1-dominated response appeared to be suppressed by the 1,25(OH) 2 D treatment (Supplemental Figure 2 , B and C).
However, one may argue that the changes observed in the qPCR analyses are not specific for macrophages because other cells can also express these markers. To address whether the observed changes in the expressions of CD11b, F4/80, IL-1α, and IL-1β indeed occurred in macrophages, we used FACS strategy to perform a further study. In this study, B6 mice with femoral fracture surgery s.c. received a daily dose of VC, 100 ng/kg/mouse 1,25 (OH) 2 Table 2 ). . Twenty-four hours later, the cells were stimulated as described in A. After the stimulation, the cells that cultured under the M1 differentiation conditions were analyzed for the expressions of iNOS, and those under the M2 differentiation conditions were analyzed for the expression of arginase 1 (ARG1) by FACS (B and C) and qPCR (D). Representative FACS plots are shown in B; MFIs of iNOS and ARG1 are shown in C; mRNA expressions of iNOS and ARG1 are shown in D. *P < 0.05, **P < 0.01, ***P < 0.001, 2-way ANOVA, n = 3.
To further determine the effects of the 1,25(OH) 2 D treatment on M1 and M2 differentiation, we analyzed the expression of iNOS and ARG1 at fracture sites by IHC. Our data show that the 1,25(OH) 2 D treatment suppressed the expression of iNOS (an M1 macrophage marker) at day 4 after the treatment but augmented the expression of ARG1 (an M2 macrophage marker) at day 7 ( Figure 3F ).
Collectively, our data convincingly demonstrate that local s.c. treatment with 1,25(OH) 2 D suppresses M1 differentiation but augments M2 differentiation in macrophages at the proinflammatory stage of bone repair. Additionally, our data also show that such local s.c. treatment with 1,25(OH) 2 D produced similar effects in peripheral lymphoid tissues (i.e., spleens), but the effects were moderate (Supplemental Figure 3) . (Figures 1, 2, and 3 ). These observations suggest an irreplaceable role of M1 macrophages in bone repair. Since a central bone repair mechanism in the proinflammatory stage is the recruitment and osteogenic priming of MSCs, we investigated the potential role of M1 macrophages in this central repair mechanism. To address the role + macrophages at day 1. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ANOVA test, n = 3. (F) B6 mice were subjected to fracture surgery and, immediately after the fracture surgery, received a dose of either VC or 100 ng/kg 1,25(OH) 2 D (VD). At days 4 and 7, fractured bones were collected. Paraffin embedded sections from day 4 were stained for iNOS and those from day 7 were stained for ARG1 by 3,3′-Diaminobenzidine (DAB) staining. Arrows indicate positively stained cells. Representative images are shown.
of M1 macrophages in MSC recruitment, as well as the potential impact of the 1,25(OH) 2 D treatment, we cultured RAW 264.7 cells with BM MSCs in a transwell system under the M1 differentiation conditions as described in Figure 2 in the presence of different 1,25(OH) 2 D concentrations ( Figure 4A ). Our data show that M1, when compared with undifferentiated RAW 264.7 cells, more strongly enhanced the migration of BM MSCs (Figure 4 , B and C). Furthermore, this M1 macrophage-mediated enhancement of MSC migration was dose-dependently inhibited by 1,25(OH) 2 D that was added during M1 differentiation of the RAW 264.7 cells. Additionally, we reproduced the above findings using BM-derived primary macrophages (Figure 4, D and E) .
The observation that 1,25(OH) 2 D suppresses M1-mediated enhancement of MSC migration suggests that the 1,25(OH) 2 D treatment may reduce the abundance of MSCs at fracture sites during the proinflammatory stage. Indeed, our qPCR data show that the increasing mRNA expressions of the MSC marker genes (i.e., CD90, CD105, and CD73) at fracture sites at days 1 and 4 were significantly suppressed by the early 1,25(OH) 2 D treatment (Supplemental Figure 4, A and B) . Additionally, the 1,25(OH) 2 D-mediated decrease in the expression of CD90 was also shown in our IHC analysis (Supplemental Figure 4C) . To more precisely address the effects of the 1,25(OH) 2 Figure 5 and Supplemental Table 3 ).
Collectively, we conclude that the early 1,25(OH) 2 D treatment abrogates M1 macrophage-mediated enhancement of MSC recruitment, which is associated with a reduced abundance of MSCs at the proinflammatory stage of fracture healing. The same experiment was performed using BM-derived primary macrophages. Magnification, 10×. **P < 0.01, ***P < 0.001, ****P < 0.0001, ANOVA, n = 3.
M1 macrophages secreted high levels of osteogenic proteins at fracture sites, which was suppressed by 1,25(OH) 2 D.
In contrast to the scarce reports available on the role of macrophages in MSC recruitment, the role of macrophages in osteogenic differentiation of MSCs was intensively studied. Although the importance of M1 macrophage-associated molecules (i.e., OSM, TNF-α, and IL-6) for bone repair was convincingly demonstrated using animals deficient in these molecules (11, (31) (32) (33) ; data from other in vitro studies concerning the relative role of M1 and M2 macrophages in MSC osteogenic differentiation were not consistent (11) (12) (13) 34) . We reasoned that this inconsistency of the data obtained from in vitro osteogenic differentiation assays might be caused by the experimental setup in which most designs added either M1 or M2 macrophages into a coculture system that lasted 3-4 weeks. However, in vivo, M1 macrophages were reprogrammed to M2 macrophages by day 7 (8) . In light of this in vivo situation, a recent report demonstrated that switching of M1 macrophages to M2 macrophages beginning at day 3 was necessary to enhance in vitro osteogenic differentiation in MSCs (14) , which appeared to resolve the inconsistency issue concerning the role of M1 macrophages in the augmentation of MSC osteogenic differentiation.
Based on these previous observations, we proceeded to determine the expression of OSM, TNF-α, and IL-6 at fracture sites and the effects of the early 1,25(OH) 2 D treatment. Our data show that fracture significantly increased the mRNA expression of OSM, TNF-α, and IL-6 at days 1 and 7. Additionally, the early 1,25(OH) 2 D treatment led to significant suppressions in the mRNA expressions of TNF-α and IL-6 at day 1 and of OSM and TNF-α at day 7. (Supplemental Figure 5, A and B) . To further determine whether the increased production of OSM, TNF-α, and IL-6 indeed occurred in macrophages at fracture sites, we performed a FACS analysis. Our data show that fracture significantly increased the ability of macrophages to produce these 3 proteins, as manifested by the increasing MFIs of these proteins in macrophages ( Figure 6 , A and B) at day 1. Additionally, the increasing MFIs of the 3 proteins in macrophages were significantly suppressed by the early 1,25(OH) 2 -mesenchyme cells at fracture sites. B6 mice were subjected to fracture surgery (Fx), treatments, cell isolation, and analyses as described in Figure 3 -mesenchyme cells. *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA, n = 3. treatment ( Figure 6, A and B) . Finally, these observed changes gradually subsided at days 4 and 7 following the fracture and the early 1,25(OH) 2 D treatment (data not shown).
The observation that the local s.c. 1,25(OH) 2 D treatment suppressed the production of OSM, TNF-α, and IL-6 in macrophages at fracture sites suggested that such treatment might compromise the ability of MSCs to differentiate into osteoblasts during fracture repair. To address this possibility, B6 mice were subjected to fracture surgery, 1,25(OH) 2 D treatment, and analyses as described in Figure 3 . Our data show that the fracture injury (VC), when compared with no fracture (intact bones), significantly increased the expression levels of the genes associated with osteoblast differentiation (i.e., runx2, osterix [OSX] , and osteocalcin [OCN]) at the fracture sites at days 1 and 4 ( Figure 7A ). Additionally, the 1,25(OH) 2 D treatment, when compared with the controls, significantly reduced the expression levels of runx2 and OCN.
To further determine whether the early 1,25(OH) 2 D treatment reduced the osteogenic potential in MSCs at fracture sites, B6 mice were subjected to fracture surgery and 1,25(OH) 2 D treatment as described in Figure 3 . Four days later, CD45 -mesenchyme cells were purified from the fracture calluses and analyzed in an in vitro bone nodule assay that is a classic method for evaluating osteogenic potential of MSCs ( Figure 7B ) (35) . Our data show that the mesenchyme cells from the unmanipulated fracture sites, when compared with those from the intact bones, displayed much stronger mineralization ( Figure 7 , C and D, intact bones vs. VC). These data suggest that the fracture primed MSCs for osteogenic differentiation at fracture sites. Additionally, the mesenchyme cells from the fracture sites in the animals that were s.c. treated at fracture sites with 1,25(OH) 2 /80 + macrophages. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ANOVA, n = 3.
Collectively, we conclude that the early 1,25(OH) 2 D treatment inhibits the production of osteogenic proteins by M1 macrophages, which is associated with a compromised osteogenic potential in MSCs at the proinflammatory stage of fracture healing. 2 D in fracture repair. It has been well established that vitamin D is indispensable for bone healing because deficiencies in the production and function of 1,25(OH) 2 D cause rickets (36, 37) . Additionally, vitamin D deficiency causes nonunion fractures and pseudofractures, which can be very painful (38, 39) , and treatment with vitamin D leads to a remarkable rescue of these mineralization defects. However, the animals used in our study were vitamin D sufficient. Analyses of 1,25(OH) 2 Where applicable, data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ANOVA, n = (3-5).
Discussion
Role of 1,25(OH)
exclude the possibility that 1,25(OH) 2 D may act directly on MSCs at fracture sites, we reason that the early 1,25(OH) 2 D treatment mainly acts on M1 macrophages because M1 macrophage differentiation is a currently known mechanism that is unique to the proinflammatory stage. Additionally, the following previous findings further corroborate our reasoning by demonstrating an irreplaceable role of M1 macrophages in bone repair. First, in animals where macrophages were depleted only at the proinflammatory stage, there was a severe impairment of fracture healing (9) . Second, KO of M1 macrophage-derived cytokines (e.g., OSM, TNF-α, and IL-6) led to impaired fracture repair (11, 32, 33) . Third, a deficiency of M1 macrophage-recruiting molecules (i.e., monocyte chemoattractant protein 1 receptor, also known as C-C motif chemokine receptor 2 [CCR-2]), led to compromised fracture healing (40) . Fourth, cyclooxygenase 2 (COX-2) gene therapy accelerated fracture healing (41) (42) (43) , and inhibitors of COX-2 compromised fracture healing primarily at the proinflammatory phase of fracture healing (44) . This role of COX-2 in fracture repair is at least partially related to M1 macrophages because M1 macrophages depend on COX-2 to enhance in vitro osteoblast differentiation in MSCs (13) . In aggregate, together with these previous reports, our current findings support the conclusion that M1 macrophages are indispensable for fracture repair, and vitamin D action to suppress fracture healing is mediated by the inhibition of M1 macrophages during the proinflammatory stage. This observation extends earlier work emphasizing the importance of a precisely coordinated immune system for fracture healing.
A model of 1,25 (OH) 2 D-mediated impairment of fracture repair at proinflammatory stage under vitamin D-sufficient conditions. Based on our experimental results, we propose a model on normal fracture healing and the outcome of 1,25(OH) 2 D treatment at the proinflammatory stage under vitamin D-sufficient conditions (Figure 8 ). In this model, bone injury first induces the differentiation of M1 macrophages that subsequently transdifferentiate into M2 macrophages at fracture sites ( Figure 8A ). The M1 macrophages promote the recruitment of MSCs, which increases the abundance of MSCs. In addition, the M1 macrophages also secrete osteogenic proteins (e.g., OSM, TNF-α, and IL-6) necessary for the osteogenic priming in MSCs, which leads to enhanced osteoblast differentiation. Ultimately, the fracture is healed. Treatment with 1,25(OH) 2 D at the proinflammatory stage suppresses the osteogenic function in M1 macrophages ( Figure  8B) . Consequently, the recruitment and osteogenic priming of MSCs are also suppressed, which compromises osteoblast differentiation and, hence, impairs the healing of injured bones. 
Role of 1,25(OH) 2 D treatment under vitamin D-sufficient conditions in inflammation.
Although our studies showed that the 1,25(OH) 2 D-mediated inhibition of inflammation impaired fracture healing, a diametrically opposed result from a locally high-dose 1,25(OH) 2 D treatment was found in experimental colitis (an animal model of human inflammatory bowel disease) and experimental allergic encephalomyelitis (an animal model of human multiple sclerosis) (45, 46) . The different outcomes of the 1,25(OH) 2 D treatment in these 2 distinct inflammatory conditions signify the importance of local tissue microenvironment for tissue repair (46, 47) . Consistent with a recent review on inflammation (48) , there are different types of inflammations. We extend this observation to show that 1,25(OH) 2 D treatment is therapeutically beneficial for some inflammatory conditions but detrimental for others.
Limitation. A limitation of this study is that our data do not directly address the cause-and-effect relationship between the 1,25(OH) 2 D-mediated suppression of osteogenic function in M1 macrophages and the 1,25(OH) 2 D-mediated impairment of MSC osteogenic potential at fracture sites and fracture repair. Further investigations using conditional KO of vitamin D receptor (VDR) in M1 macrophages will help definitively determine this relationship.
Conclusion. This study aimed to perceive the importance of osteogenic function in M1 macrophages for osteoblast differentiation in MSCs at the proinflammatory stage and for fracture repair by way of the well- 
Methods
Animals. Twelve-week-old male B6 mice were obtained from the Jackson Laboratory and housed in Loma Linda University Animal Care Facility.
Fracture surgery and X-ray imaging. A 30-gauge needle was inserted at a position just medial to the patella tendon into the BM cavity of a femur in a 12-week-old male B6 mouse. Fractures were created at the midshaft by a 3-point bending technique using an Instron Mechanical Tester, as described previously (42) . Successful insertion of a needle and creation of fractures were confirmed by X-ray imaging in a Packard Faxitron X-Ray Digital Imaging equipment (25) . X-ray images were taken at days 0, 7, 14, 21, and 28 following fracture surgery. Digital images were used for radiographic scorings. X-ray images at day 14 were used for the quantification of callus formation, and those at day 28 were used for quantification of bone union and callus remodeling (25 2 D were used in this study (i.e., 100 ng/kg/mouse or 1,000 ng/kg/mouse). The injections were continued until the animals were euthanized.
μCT analysis. Femurs with fractures and intact femurs were harvested at day 28, fixed in 4% paraformaldehyde, and subjected to μCT analysis using a Scanco vivaCT μCT system with a voxel size of 10.5 μm. Mineralized callus bone was determined as previously described (49) . Each sample was contoured around the periosteal circumference to determine the volume of interest (VOI) at a fracture site. The analysis thresholds were chosen to resolve the lower-density woven bone (220-570 mg/cm 3 ) from the higherdensity native cortical bone (570-1,000 mg/cm 3 ) at fracture sites. The following parameters were reported in this study: BV/TV, Tb.th, and Tb.N (trabeculae number).
Isolation of mononuclear cells from fracture sites. Approximately 4 mm-length bones spanning fracture sites were harvested at different time points following fracture surgery, and the BM was flushed with sterile PBS (Invitrogen). The collected bones were digested with 2 mg/ml collagenase IV (Thermo Fisher Scientific) and 100 μg/ml DNase I (Roche Diagnostics) in PBS for 90 minutes at 37°C. Digested tissue samples were washed with PBS (600 g for 6 min at 4°C) and filtered through a 40-μm cell strainer. The digested suspensions were then washed with PBS and resuspended as single cell suspensions for downstream experiments.
In vitro bone nodule assay. To purify CD45 -mesenchyme cells, the cells harvested from digested bone were stained with an anti-CD45-PE (catalog 553081, BD Pharmingen) followed by an anti-PE MicroBeads (catalog 130-048-801, Miltenyi Biotec). Subsequently, the MicroBeads-attached CD45 + cells were removed by a magnet. ). After reaching confluence, the CD45 -mesenchyme cells were seeded in a 12-well tissue culture plate at an equal number per well in the presence or absence of an osteogenic medium (catalog CCM007, R&D Systems). At day 21, the cells were fixed in 4% formaldehyde, stained with Alizarin Red S (catalog TMS-008-C, MilliporeSigma), and imaged. To quantify calcium deposition, the Alizarin Red S-stained mineralized nodules were extracted with 10% (v/v) acetic acid, and an equal volume of the extracted solutions was transferred to a 96-well plate with transparent-bottom (Thermo Fisher Scientific). The plate was read at 405 nm on a microplate reader (BioTek Instruments Inc.) for the quantification of calcium deposition (50) .
FACS analysis. FACS analysis was performed as described previously (46, 51) . Briefly, cells at approximately 5 × 10 6 to 10 × 10 6 cells/ml were first incubated with anti-CD32 antibody (553141, BD Biosciences) at 4 o C for 15 minutes to block Fc receptors before addition of fluorescence-labeled antibodies that stained cell surface proteins. The surface labeled cells were fixed with the intracellular fixation buffer (catalog 00-8222-49, eBioscience) followed by cell permeabilization (catalog 00-8333-56, eBioscience). The fixed and permeabilized cells were stained with fluorescence-labeled antibodies to stain intracellular proteins. The surface and intracellular-stained cells were washed, resuspended in FACS buffer (PBS, 1% FCS, 0.05% sodium azide), and analyzed in a FACS Aria II. The acquired data were analyzed using FlowJo software.
Antibodies RNA isolation and qPCR analysis. Approximately 4 mm-long bones spanning fracture sites were excised and flash frozen in liquid nitrogen. Total RNA was isolated using the RNeasy Micro Kit (Qiagen) according to the manufacturer's instruction. First-strand cDNA was synthesized using the SuperScript III Reverse Transcriptase (Invitrogen; Life Technologies). qPCR was performed and analyzed in an Applied Biosystems 7900HT Real-Time PCR machine. Primers used in this study are listed in Supplemental Table 1 . The PCR conditions were 10 minutes at 95°C followed by 40 cycles of 10 seconds at 95°C and 15 seconds at 60°C. The relative expression level of a gene was determined using ΔΔCt method and normalized to GAPDH (45) .
MSC migration analysis. MSC migration assay was performed in a 24-well Corning Costar Transwell chamber using a porous polycarbonate membrane with a pore size of 8 μm (Thermo Fisher Scientific). Briefly, the lower chambers were seeded with 1 of the following components: (a) α-MEM medium (Med); (b) RAW264.7 cells or BM-derived primary macrophages; (c) RAW264.7 cells or BM-derived primary macrophages + 100 ng/ml LPS + 20 ng/ml IFN-γ + VC; (d) RAW264.7 cells or BM-derived primary macrophages + 100 ng/ml LPS + 20 ng/ml IFN-γ + 10 nM 1,25(OH) 2 D; or (e) RAW264.7 cells or BM-derived primary macrophages + 100 ng/ml LPS + 20 ng/ml IFN-γ + 100 nM 1,25(OH) 2 D. The cells were cultured at 37°C and 5% CO 2 for 24 hours to allow M1 differentiation. Subsequently, an equal number of MSCs in an MSC culture medium (α-MEM medium [Invitrogen] containing 10% FBS, 100 U/ml penicillin/ streptomycin, 3.125 × 10 -5 M 2-ME, 1 mM sodium pyruvate, 0.1 mM nonessential amino acid, and 2 mM L-glutamine) was seeded in the upper chambers. After 48 hours of coculture, the membranes were fixed in 4% formaldehyde and stained with 0.5% of crystal violet (MilliporeSigma). Numbers of migrated cells in the membrane in more than 3 randomly chosen microscopic fields were counted and averaged.
Statistics. All data were presented as mean ± SEM. Statistically significant differences were assessed by 1-way ANOVA or by independent unpaired parametric 2-tailed Student's t test. A P value of less than 0.05 was considered to be statistically significant.
Study approval. All in vivo animal study protocols were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Loma Linda University as well as the Animal Care and Use Review Office (ACURO) of the US Army Medical Research and Materiel Command (USAMRMC) of the Department of Defense.
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